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ABSTRACT 

The distance to NGC 3982, host galaxy to the Type la supernova SN 1998aq, is derived 
using 32 Cepheids discovered in archival multi-epoch Hubble Space Telescope observa- 
tions. Employing recent Large Magellanic Cloud Cepheid period-luminosity relations 
and absolute zero point, we find a distance to NGC 3982 of 20.5±0.8 (r)±1.7 (s) Mpc, 
including both random (r) and systematic (s) uncertainties, and ignoring any mctal- 
licity dependency in the Cepheid period-luminosity relation. Still unpublished light 
curve photometry promises to make SN 1998aq one of the most important calibrators 
for the Type la supernova decline rate-peak luminosity relationship. 

Key words: Cepheids — distance scale — galaxies: distances and redshifts — galax- 
ies: individual: NGC 3982 — supernovae: individual: SN 1998aq. 



1 INTRODUCTION 

[ Corrected for the shape of their light curves, and calibrated 
. via Cepheid distances to their host galaxies, the peak lumi- 
' nosities of Type la supernovae (SNe) provide excellent stan- 
, dard candles for studying the extragalactic distance scale. 
I Their extremely high peak luminosities coupled with small 
' intrinsic scatter lead to Type la SNe being recognised as 
, perhaps the most powerful of available tools for deriving the 
■ Hubble Constant (e.g., Phillips et al. 1999; Riess et al. 1999; 
Jha et al. 1999; Gibson et al. 2000; Saha et al. 2001; Freed- 
man et al. 2001; Gibson & Stetson 2001; Gibson & Brook 
2001). 

Cepheid distances to ten Type la SN-host galaxies are 
now available in the literature — NGC 4414 (Turner et al. 
1998), NGC 3368 (Tanvir et al. 1999), NGC 2841 (Garnavich 
et al. 2001), and seven from the Saha et al. (2001, and ref- 
erences therein) Type la SN Hubble Space Telescope (HST) 
Calibration Project (IC 4182, NGC 5253, 4536, 4496A, 4639, 
3627, and 4527). Calibrating the corrected peak luminosi- 
ties of the respective SNe resident in each of these galax- 
ies, and employing the Calan-Tololo and CfA Type la SN 
Hubble Diagrams to derive the Hubble Constant Hq, yields 
iyo=72±2 (r)±7 (s) kms"^ Mpc"i - including both total 
random (r) and systematic (s) uncertainties - e.g. Gibson 
& Stetson (2001). An eighth galaxy observed as part of the 
Saha et al. program, NGC 3982, is host to the prototypical 
Type la supernova SN 1998aq. Of all the calibrators dis- 
cussed to date, SN 1998aq has perhaps the highest quality. 



in terms of multiwavelength photometric precision and light- 
curve coverage (see Table 1 of Gibson et al. 2000). 

SN 1998aq was discovered on 1998 April 13, by Mark 
Armstrong (Hurst et al. 1998), as part of the U.K. 
Nova/Supernova Patrol. The host galaxy, NGC 3982, is a 
Seyfert-2 SAB(r)b: spiral, and a possible^ member of the 
Ursa Major Cluster of galaxies. Armstrong's discovery took 
place approximately two weeks before the supernova reached 
its _B-band maximum. Exquisite multi-colour photometry 
spanning the rise and fall of the supernova light curve was 
subsequently collected by at least one team, but at the time 
of submission of this manuscript the data had not yet been 
made public. As a result, the incorporation of SN 1998aq 
into the Type la SN calibration zero point is necessarily re- 
served for a future paper. Until then, we make available to 
the community our new Cepheid-based distance determina- 
tion to the host galaxy, NGC 3982. 



2 ANALYSIS 

NGC 3982 was observed with the Wide Field Planetary 
Camera 2 (WFPC2) at 17 epochs over the 53-day window 
spanning 2000 March 20 - May 12. Cosmic-ray split 2500 s 
exposures in F555W (V; 12 epochs) and F814W (I; 5 epochs) 
were taken. As noted earlier, this galaxy is the eighth to be 
observed as part of the Saha et al. Type la SN Calibration 

* Its membership has been questioned by some (e.g., TuUy et al. 
1996). 
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Project {HST PID 8100; Saha et al. 2001, and references 
therein) . 

Data processing followed the precepts outlined in Gib- 
son & Stetson (2001, and references therein). Instrumental 
photometry was provided by ALLFRAME (Stetson 1994), 
while a version of TRIAL (Stetson 1996) — customized 
for WFPC2 data and the fitting of Cepheid light curves 
in the V and 7 photometric bands — was used for calibra- 
tion and variable finding. A slightly refined version of the 
Stetson (1998) WFPC2 photometric zero points and charge 
transfer corrections were employed, as was done in Freed- 
man et al. (2001), Gibson & Stetson (2001), and Gibson & 
Brook (2001). Our quoted systematic error budget includes 
a ±0.07 mag component that allows for the uncertainties as- 
sociated with our current understanding of the spatial and 
temporal properties of the WFPC2 charge-transfer ineffi- 
ciencies. 

Candidate variables returned by TRIAL were culled to 
a final set of 32 high-quality Cepheids. The criteria employed 
in this selection were as follows: 

• modified Welch & Stetson (1993) index > 0.60 

• variable has data from a minimum of ten frame-pairs 

• mean V-magnitude (V) fainter than 24.4 mag 

• mean colour 0.40 < {{V) - (/)) < 1.40 

• period > 10 days 

• semi-amplitude of fundamental harmonic >0.22 mag 

• visual inspection of image 

• visual inspection of lightcurve 

A selection on the ALLFRAME image-quality index x was 
considered, but the stars meeting the above eight crite- 
ria were found to be completely normal in their x values. 
The properties of the 32 Cepheids passing this selection are 
listed in Table 1. Epoch- by-epoch photometry for each of 
the Cepheids, local calibration standards, and accompanying 
light curves have been made available at our HST Cepheid 
archive.]^ 

Figure 1 shows the apparent V- and /-band period- 
luminosity (PL) relations for the 32 Cepheids in NGC 3982 
(upper and middle panels, respectively). Figure 2 shows the 
positions of these Cepheids in the calibrated {V , V-I) colour- 
magnitude diagam. After Freedman et al. (2001), the ap- 
parent moduli of Figure 1, coupled with the assumption of 
a standard reddening law. Large Magellanic Cloud (LMC) 
absolute distance modulus ^o(LMC) = 18.50±0.10 mag, and 
the new OGLE LMC apparent PL relations (Udalski et al. 
1999), yield the distribution of dereddened true moduli 
/xo shown in the bottom panel of Figure 1. The un- 
weighted mean true modulus, based upon all 32 Cepheids, 
is </io>=31.559±0.081 (r), where the total random uncer- 
tainty (r) includes components due to photometry, extinc- 
tion, and dereddened PL fit, added in quadrature (corre- 
sponding to i?PL in Table 7 of Gibson et al. 2000). Q It is re- 



t See http : //astronomy . swln . edu . au/bgibson/HOkf . 
t Enforcing a lower period cut of 25 days reduces the Cepheid 
sample from 32 to 20, the unweighted mean true modulus for 
which is </io>=31.626±0.096 (r), consistent with our favoured 
result of </io>=31.559±0.081 (r). This suggests that PL bias of 
the magnitude encountered for some galaxies (see § 3.4 of Freed- 
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Figure 1. Apparent period-luminosity relations in the V- {upper 
panel) and /-bands (middle panel) based upon the 32 Cepheids 
discovered in NGC 3982 (the properties of which are listed in Ta- 
ble 1). The solid lines are least-squares fits to this entire sample, 
with the slope fixed to be that of the Udalski et al. (1999) LMC 
PL relations, while the dotted lines represent their corresponding 
±2(T dispersion - refiecting the width of the LMC instability strip. 
The inferred apparent distance moduli, ignoring metallicity ef- 
fects, are then /.tv=31.899±0.070 (internal) and Ati=31.762±0.056 
(internal). Lower Panel: Distribution of individually de-reddened 
Cepheid true moduli, as a function of period. The mean corre- 
sponds to </io>=31.559±0.081 (random). 



assuring that the median of the distribution (31.594) agrees 
with the mean (31.559). 

Our quoted resuh — </Xo>=31.559±0.081 (r) — inher- 
ently assumes that the Cepheid PL relation is independent of 
metallicity (i.e., 7vi=0.0magdex~^). If one assumes a metal- 
licity dependence of the form 7vi=— 0.2magdex~^ (Freed- 
man et al. 2001), though, a measure of the mean metal- 
licity for the WFPC2 Cepheid field is required to deter- 
mine the true metallicity-corrected distance modulus ^.z- 
Unfortunately, no HII regions in this field have thus far 
been observed. Adopting a conservative metallicity range 
of 12 -I- log(0/H) = 8.9 ± 0.4 (as we did for the analysis 
of the NGC 4527 dataset — Gibson & Stetson 2001) would 
increase the inferred mean true modulus by ~0.08 mag. 

The mean reddening inferred from the 32 Cepheids 
is E{V-I) = 0.138±0.029mag (internal), of which only 
~ 0.019 mag is due to foreground Galactic extinction 
(Schlegel et al. 1998). While it might be tempting to as- 
sign a field mean metallicity based upon an assumed intrin- 
sic relationship between E{ V-I) and 12-|-log(0/H), unfortu- 
nately — as already noted in Gibson & Stetson (2001) — for 
0.1<£;(F-/)<0.3 (a regime which the NGC 3982 Cepheids 
inhabit), there is no trend seen in the data, with metallic- 



man et al. 2001) does not afflict our NGC 3982 dataset, and so 
we employ the full set of 32 Cepheids in our quoted final result. 
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Table 1. Properties of Cepheids detected in NGC 3982. 
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" Pixel coordinates are references with respect to HST archive image 
uSkyOlOlr. 



ities 8.50<12+log(O/H)<9.35 equally likely. The true in- 
trinsic extinction in the vicinity of SN 1998aq (as opposed 
to assuming that the reddening appropriate to the mean 
Cepheid necessarily applies to SN 1998aq) will only become 
apparent once the full multi-colour photometry of the su- 
pernova becomes available. 

While its membership in the Ursa Major Cluster has 
not been established unequivocally (TuUy et al. 1996), it 
is perhaps telling that an independent TuUy-Fisher analy- 
sis leads to a mean cluster distance modulus of 31.48 mag 
(Freedman et al. 2001). This latter value is consistent with 
our new SN 1998aq distance — 31.559±0.081 (r) mag. 

Without access to calibrated multicolour photometry 
(or Cepheids), Vinko et al. (1999) attempted to infer a dis- 
tance to SN 1998aq using the Riess et al. (1999) 'snapshot 
technique'. Because of the lack of data available at the time, 
deriving an accurate value of the reddening along the line 
of sight was a near impossibility. This uncertainty in the 
extinction is responsible for an equal uncertainty in their 
SN 1998aq distance determination of 30.89±0.56 mag. Vinko 
et al. stress that the true modulus is probably greater than 
their quoted value. Regardless, the original Vinko et al. value 
is consistent with our improved result, at the ~1.2(t level. 

We have not yet mentioned the systematic error budget. 
After Gibson & Brook (2001; Table 2) and Freedman et al. 
(2001), seven sources of systematic uncertainty in the Hub- 
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Figure 2. Calibrated NGC 3982 colour-magnitude diagram. The 
filled circles correspond to the 32 Cepheids of Table 1. 
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ble constant are considered significant, including the LMC 
zero point, crowding, large scale bulk flows, the metallicity 
dependence of the Cepheid PL relation, the WFPC2 zero 
points, Cepheid reddening values, and bias in the PL rela- 
tion. In determining the distance to an individual galaxy, all 
these error sources are equally applicable except the possi- 
bility of large-scale bulk flows. In quadrature, the remaining 
systematic error budget (s) amounts to 0.179 mag. In com- 
bination with the already stated total random error budget, 
our final value for the distance to SN 1998aq in NGC 3982 is 

< ^JLo >= 31.559 ± 0.081 (r) ± 0.179 (s) mag, 

assuming that a zero slope is the best available estimate for 
the metallicity dependence of the Cepheid PL relation — 
i.e., d=20.5±0.8 (r)±1.7 (s) Mpc. If the slope of the metal- 
licity dependence is in fact — 0.2magdex~^, the modulus is 
increased by ~0.08 mag for reasonable assumptions about 
the metallicity of young stars in NGC 3982. 



3 SUMMARY 

A Cepheid-based distance to NGC 3982, host to super- 
nova SN 1998aq, has been derived using the same software 
pipeline and variable-finding algorithms employed through- 
out the HST Key Project on the Extragalactic Distance 
Scale. Ignoring any potential metallicity dependence in the 
Cepheid period-luminosity relation (expected to be on the 
order of 4% for NGC 3982), we determine a distance to the 
supernova (and galaxy) of 20.5±0.8 (r)±1.7 (s) Mpc. Our 
result is consistent with the TuUy-Fisher distance to the 
Ursa Major Cluster (19.8 Mpc), suggesting that NGC 3982 
is indeed a cluster member. Still unpublished multi-colour 
light curve photometry promises to make SN 1998aq one of 
the most important calibrators for the extragalactic distance 
scale. 
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Note added in proof: After submi ssion, a preprint from 
Saha et al. (2001, ApJ, submitted, |astro-ph/010739l| ) ap- 
peared which quotes an NGC 3982 distance modulus 
of ^o=31.72±0.14, based upon an independent DoPHOT 
and HSTphot analysis of the data described herein. The 
distance found by our ALLFRAME-I- TRIAL analysis - 
31.56±0.08 (r)±0.18 (s) - is tied to the Udalski et al. (1999) 
LMC PL relations, while the Saha et al. result is based upon 
those of Madore & Freedman (1991, PASP, 103, 933). As dis- 
cussed in Freedman et al. (2001) however, the former are to 
be preferred over the latter. Regardless, if we were to adopt 
the Madore & Freedman relations, our inferred NGC 3982 
distance modulus would become 31.73±0.08 (r)±0.18 (s), in- 
distinguishable from that of Saha et al. 

Despite these near-identical true distance moduli, there 
are differences in the analyses - our apparent V- and 7-band 
moduli are 0.13 mag and 0.07 mag smaller than those of Saha 
et al. - these differences are ameliorated by the inferred red- 
dening E{V — I), ours being 0.06 mag lower than that of 
Saha et al {EiV — /)=0.05 versus 0.11, for the same Madore 
& Freedman 1981 LMC PL relations). 

A detailed comparison of the photometric differences 
between the two analyses will have to wait until standard 
star photometry from the Saha et al. group becomes avail- 
able. It should be noted though that such Cepheid photom- 
etry differences are not uncommon (Gibson et al. 2000; Ta- 
ble 3). 



ACKNOWLEDGMENTS 

We would like to thank the staff of the Canadian Astronomy 
Data Centre for providing an excellent service. 



REFERENCES 

Armstrong, M. et al., 1998, lAU Circ, 6497, 1 
Freedman, W.L. et al., 2001, ApJ, 553, 47 



Garnavich, P.M. et al., 2001, ApJ, in press ( istro-ph/0105490) 
Gibson, B.K., Brook, C.B., 2001, in Lasenby, A.N., Wilkinson, 
A., eds. New Cosmological Data and the Values of the Fun- 
damental Parameters. Astron. Soc. Pac, San Francisco, in 



press (astro-ph/0011567) 



Gibson, B.K., Stetson, P.B., 2001, ApJ, 547, L103 
Gibson, B.K. et al., 2000, ApJ, 529, 723 

Hurst, G.M., Armstrong, M., Arbour, R., 1998, lAU Circ, 6875, 
1 

Jha, S. et al., 1999, ApJS, 125, 73 
Phillips, M.M. et al., 1999, AJ, 118, 1766 
Riess, A.G. et al., 1999, AJ, 117, 707 
Saha, A. et al., 2001, ApJ, 551, 973 

Schlegel, D.J., Finkbeiner, D.P., Davis, M., 1998, ApJ, 500, 525 
Stetson, P.B., 1994, PASP, 106, 205 
Stetson, P.B., 1996, PASP, 108, 851 



© 2001 RAS, MNRAS 000, |l|-§ 



